Agricultural land use and degradation of natural vegetation in riparian zones can impair water quality. This study was conducted in seven agricultural watersheds in Ibirubá, RS, Brazil, with the following objectives: identify relationships between concentrations of soluble phosphorus (P sol ) and nitrate (NO − 3 ) in surface water and agricultural use of soil and current vegetation in riparian zones, and assess the risk of eutrophication. Water samples from the main watercourses in each watershed were collected monthly from 10/2013 to 6/2014. Current land use was established by field surveys in the watersheds. The riparian zones of the watercourses were evaluated in terms of the condition of permanent preservation area (PPA) and access of the animals to the watercourses. The concentration of P sol and NO − 3 were correlated with land use indicators obtained from geoprocessing tools. Agricultural use of PPA increases the risk of surface water degradation, which increases through application of manure on crops and free access of livestock to PPAs and to these watercourses for drinking water. Surface water samples obtained showed water P sol concentrations that generate risk of eutrophication, whereas concentrations of NO − 3 were generally below critical levels.
INTRODUCTION
Human population growth and the increased demand for food has led to expansion and intensification of agricultural production in Brazil, one of the few countries with large non-agricultural areas that could be converted to cropland (Conab, 2015; IBGE, 2015) . In several cases, this context has encouraged farmers to expand into environmentally fragile areas, often with disregard for conservation of natural resources.
The dominant agricultural activities in southern Brazil are row crop agriculture, dairy production, and poultry and swine farming, all of which can directly or indirectly impact ecosystems through degradation of soil and water quality, generation of odors from waste, and greenhouse gas emissions. Grain production is mainly conducted under the no-tillage system (NT), which in its original definition precludes tillage operations. Soil surface leveling and forage/cover crop seed incorporation with disk harrows are sometimes conducted on small and medium farms. In addition, farmers that adopted no-tillage have removed terraces to facilitate farm equipment operations, ignoring that these auxiliary conservation practices are still required to avoid soil, water, and nutrient losses (Denardin et al., 1999; Gilles et al., 2009 ).
Dairy cattle can also degrade soil and water, where high stocking rates in pastures, especially when wet, can lead to soil compaction (Albuquerque et al., 2001) . Compacted soils have decreased water infiltration rates and increased runoff that carries sediment, organic matter, and nutrients that can cause siltation and contaminate water bodies (Pietola et al., 2005) .
Pig slurry (PS) spread on farmland (e.g., cropland and pastures) is a potential environmental impact from swine production. Repeated application of large volumes of PS may lead to accumulation of C, N, and P in soils (Angers et al., 2010; Lourenzi et al., 2013) , posing an increased risk of contaminated runoff reaching watercourses or the water table (Anami et al., 2008) . A potential consequence of contaminated surface waters is eutrophication, caused by high concentrations of P and N, which compromises drinking water sources required by both humans and livestock (Sharpley et al., 1995; 2003) .
Phosphorus transfer by runoff from farmland occurs either in particulate form, associated with sediment or organic matter, or as soluble P (P sol ), dissolved in runoff water (Sharpley et al., 2003) . Soluble P can compose up to 80 % of soil P transfers to surface waters in no-till cropland, pastures, or forestry operations (Sharpley et al., 2003) . A P sol concentration of 0.01 mg L -1 can be considered the threshold for surface water eutrophication (Jarvie et al., 2006; Gebler et al., 2012 Gebler et al., , 2014 . For its part, N can be transferred from farmland by surface runoff or by leaching. NO − 3 -N, the main form of inorganic N in aerated soils, can rapidly reach surface water near agricultural areas. Nitrate concentrations above 10 mg L -1 have been considered a health hazard (Brasil, 2011) .
Degradation of waters resources by agricultural activities can be mitigated by the maintenance of natural vegetation in riparian zones, which fulfill the role of a buffer zone for sediments and contaminants transported by surface runoff (Lovell and Sullivan, 2006; Aguiar Jr et al., 2015) . Lovell and Sullivan (2006) reported that 95 % of the sediments and nutrients carried by runoff can be retained by riparian areas downslope from cropland.
There are few studies assessing the mitigation potential of these buffer zones in the context of Brazilian agriculture. In a recent study, Ribeiro et al. (2014) observed decreased water quality in an agricultural watershed in Paraná where riparian zones were mostly under cultivation, with reduced cover of lowland woods that would constitute buffer strips in this context. In fact, the Brazilian Forestry Code (BFC) sets aside parts of riparian zones as permanent preservation areas (PPA) to protect the soil and water resources therein (Brasil, 2012) . For example, a PPA extending 30 m from the stream banks with <10 m width should be preserved when land cover in this riparian zone is not degraded. In a recent revision of the BFC (Brasil, 2012) Although the benefits of buffer zones set between farmland and watercourses are widely recognized and underscored in Brazil by the legal provision of riparian PPA (Brasil, 2012) , substantial discrepancies exist between the written norm in the BFC and actual practices in farms throughout the country. Moreover, studies that examine farmer compliance with environmental legislation, and the accompanying impact assessments, are incipient. These studies would be crucial to assure gains in environmental quality expected by the revised BFC (Brasil, 2012) .
Our study was based on the premise that grain crops and swine and dairy cattle production could potentially have a negative impact on surface water quality because of nutrient and sediment transfer to watercourses, especially when riparian buffers have been degraded. We aimed to establish relationships between key water contaminants (P sol and NO − 3 ) and land use and land cover in riparian zones in representative watersheds.
MATERIALS AND METHODS
The study was conducted in Quinze de Novembro, Ibirubá, and Fortaleza dos Valos (state of Rio Grande do Sul), hereafter referred to as the Ibirubá region, in accordance with the most important municipality in the area (Figure 1 ). The climate is subtropical humid, with mean annual temperature of 18 °C and annual rainfall of 1,750 mm. Soils are mostly Latossolos Vermelhos (Oxisols) (>80 % of the study area), whereas Neossolos (Inceptisols) and Chernossolos (Entisols) constitute the remaining area (Tornquist, 2007) . The remaining original vegetation consists of patches of Brazilian pine forests (Mixed Ombrophylous Forest) in various degrees of conservation (Tornquist, 2007) . More than 80 % of the Ibirubá region is under agricultural production (grain production, dairy cattle, and swine). Soybean (Glycine max) and corn (Zea mays) crops in the summer, and black oats (Avena strigosa) and wheat (Triticum aestivum) in winter are grown under no-tillage (NT). Swine production results in large quantities of PS, which are applied for their fertilizer value in the agricultural soils of the region at annual rates that often exceed agronomic recommendations (Broetto et al., 2014; 2015) . Dairy cattle are managed in a semi-intensive system, with animals raised on pasture and receiving supplementation of protein concentrates.
Initially, a geospatial database was constructed using ArcGIS 10.2 software (ESRI, 2013): municipal boundaries (IBGE, 2010) , drainage network (Hasenack and Weber, 2010) , and digital elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM), with spatial resolution of 30 m; and a georeferenced and orthorectified mosaic of high spatial resolution orbital imagery (acquired by QuickBird and GeoEye satellites) that was provided with the ArcGIS basic data collection (ESRI, 2013) .
Watersheds were delimited in ArcGIS based on the DEM (using the Watershed tool in the Spatial Analyzer module). Features of the BFC, such as PPA, consolidated areas, and degraded areas that require restoration were outlined using ArcGIS with the Analysis toolset (Intersect and Symmetrical Difference functions). Using this geospatial database, seven watersheds deemed representative of the region were chosen, and additional field observations were conducted. The latter were based on protocols proposed by Callisto et al. (2002) and Minatti-Ferreira and Beuamord (2006) . The morphometric characteristics of each of these study basins are shown in table 1.
A total of eight monthly water sampling campaigns were conducted in 2013 and 2014 at critical points in watercourses of the selected watersheds (Figure 1 ). Samples were collected in triplicate in the field and analyzed in duplicate for NO − 3 and P sol , according to widely accepted methods (APHA, 1995) . The streamflow in each watershed at the time of sampling was determined by the simplified methods proposed by Carvalho (2008) .
The water samples were collected at the chosen sampling points near the stream surface in all sampling campaigns. Water collection was carried out with a polypropylene container with a handle (1 L) and aliquots were obtained according to the type of analysis: P sol samples were stored in 100 mL polyethylene bottles and kept at low temperatures in a Styrofoam box with ice until analyses; NO − 3 samples were stored in 250 mL polyethylene containers that were cooled as above and acidified with 1 mL of concentrated H 2 SO 4 .
Statistical analyses were conducted on SAS (v.9.2) and SPSS (v.18). As data exhibited heterogeneity of variances, weighted least squares transformation was used. This method is based on the premise that there is variance among replicates; if this premise is not met, data are discarded and are not used in the Anova. In this study, these situations were duly identified in our presentation of data. Boxplots were used to summarize data ( Figure 2 ). Analysis of variance was performed using repeated measure methods with the General Linear Model procedure in SAS using watersheds, dates, and sampling points as explanatory factors. Differences between means were compared by the Tukey test at the 5 % significance level.
Additionally, a correlation analysis (with t test at 5 and 10 % significance) was conducted with P sol and NO − 3 , along with agro-environmental attributes in the basins (total area, agricultural area, 5 m and 30 m PPA with remaining vegetation, consolidated areas, fraction (area) of watershed with PS application, population of bovine and swine in the watershed, bovine and pig density in the watershed, area of watershed with dairy cattle, and stream banks with bovine access).
RESULTS AND DISCUSSION
Statistical analysis of P sol and NO − 3 showed a triple interaction (Table 2 ). There was high variability in P sol and NO − 3 concentrations in the watersheds studied (Figure 2 ), but some trends could be observed. Nitrate concentrations were highest in W6 watershed, whereas P sol was highest in W1 and W5 watersheds on 50 % of the sampling dates. In other instances, P sol concentrations did not differ from those observed in other watersheds (Brasil, 2011) . The P sol concentrations had a large range, from below the detection limit to 0.199 mg L -1 , and 77 % of the samples were above 0.010 mg L -1 , which may be considered the threshold for eutrophication (Jarvie et al., 2006) .
The correlation analyses between P sol and NO − 3 and agro-environmental indicators (Table 4) suggested that NO − 3 in these watersheds was strongly affected by cattle access to watercourses. A negative correlation of cattle density per area, effectively occupied by dairy production in watersheds, indicated that intensifying this type of livestock production in confined areas may have positive environmental repercussions. Similar effects of cattle production in pastures on water quality were also observed by Kebede et al. (2014) and Poudel et al. (2013) . Waters in W6 had the highest NO − 3 concentrations, probably because most of the riparian zones are unfenced and cattle have free access to the watercourses (Figure 3a ). This contrasts with the lowest NO − 3 in waters of W3, which can be attributed to the low cattle density in this watershed.
Unlike NO − 3 , there was no correlation between P sol and agro-environmental indicators associated with dairy cattle production. However, positive correlations were noted between P sol and swine production factors (Table 4) . It must be considered that larger pig populations (within a watershed) produce larger volumes of PS that need to be disposed of in this area. Notably, swine manure generally contains significant amounts of readily available P, but the actual composition varies greatly among farmers. Prior studies determined that PS in this region contained on average 0.3 kg m -3 of P (Broetto et al., 2014) . Although this concentration may seem irrelevant, many farmers apply PS at rates exceeding 300 m³ ha -1 yr -1
, which means applying at least 90 kg ha -1 yr -1 P (198 kg ha -1 yr -1 P 2 O 5 ) to cropland, without considering other fertilizers that might be used on crops. The surface-applied PS may be carried by runoff to watercourses, increasing P sol (Sharpley et al., 2003; Bertol et al., 2010; Gebler et al., 2012) . The highest P sol concentrations were observed in W1 and the lowest in W4, which are the watersheds with the largest and smallest swine populations, respectively. Moreover, W1 had a pig density approximately 10 times larger than in the other watersheds, with 20 % of its cropland receiving PS (Figure 3b ). Other factors that determine the high P sol observed in W1 may be PPA degradation (reduced riparian buffer zone) and PS application in cropland grown in these areas (10 % of watershed area). This situation substantially limits the "buffer" role of PPA. However, statistical analysis did not indicate a significant correlation between PPA 30 m and PPA 5 m and P sol (Table 4) , but lower P sol concentrations were associated with wider PPA.
There was no difference in NO − 3 among sampling points within each watershed or among sampling dates (Table 5) . Differences were observed for P sol in W1 and W6 basins (Table 6 ). In W1, P sol concentrations were lower at the midpoint sampling location than at the outlet on 75 % of the collection dates; in W6, concentrations were higher at the midpoint on 50 % of the sampling dates.
A decrease in water quality parameters assessed in the watershed outlet in comparison to upstream (midpoints in this study), as observed with P sol in W1, can be expected. Water flowing towards the outlet could potentially be affected by increasing amounts of nutrients and contaminants in runoff waters from adjacent areas (Tsegaye et al., 2006) . Similar trends were found in three watersheds in Ethiopia by Kebede et al. (2014) .
In W1, significant differences in P sol were found between the two sampling points, which could possibly be ascribed to the location of the midpoint, in this case much closer to the source of the watercourse, with decreased impact from agricultural production. Upstream from this point, there was no cropland with PS application, whereas downstream, near the outlet, most of the swine production and a large area of degraded PPA were concentrated, some of which allowed cattle access to the watercourses (Figure 3 ).
The W6 watershed contradicted the general trends observed because the sampling point upstream from the outlet had higher concentration of contaminants. Higher P sol probably occurred due to more intensive agricultural land use, with dairy and swine production ( Figure 3a ). While we sampled water at this point, cattle were often observed freely crossing stream banks and the water channel upstream. In addition, just below this midpoint, secondary drainage flowed into the main channel, increasing its flow and ). MS: missing sample. W1, W2, W3, W4, W5, W6, and W7 are the selects watersheds and sampling points. possibly diluting P sol concentrations. The mean flow rate during this study was three times larger in the outlet in comparison to the midpoint (Figure 4 ).
Large temporal variation in NO − 3 and P sol concentrations are common in this type of study according to Sliva and Williams (2001) , and are mainly determined by rainfall, temperature, and soil management practices (Tables 7 and 8 These results, especially in relation to P sol concentrations that were greater than 0.010 mg L -1 on the majority of the sampling dates across watersheds, with the extreme value of 0.199 mg L -1 in the W1 basin, suggest that there is high risk of the occurrence of eutrophication (Jarvie et al., 2006 , Gebler et al., 2012 .
CONCLUSIONS
Surface water quality in selected watersheds of the Ibirubá region were degraded by Psol, measured above the risk threshold for eutrophication in several sampling dates, but not by nitrates.
Degradation of water quality by Psol was mainly related to agricultural activities conducted in riparian zones, as assessed by agricultural and environmental indicators proposed in this study. ). MS: missing sample. W1, W2, W3, W4, W5, W6, and W7 are the selects watersheds and sampling points.
